ABSTRACT: Surface display of engineered proteins has many useful applications. The expression of a synthetic chimeric antigen receptor composed of an extracellular tumor-specific antibody fragment linked to a cytosolic activating motif in engineered T cells is now considered a viable approach for the treatment of leukemias. The risk of de novo tumor development, inherent in the transfer of genetically engineered cells, calls for alternative approaches for the functionalization of the lymphocyte plasma membrane. We demonstrate the conjugation of LPXTG-tagged probes and LPXTG-bearing proteins to endogenous acceptors at the plasma membrane in a single step using sortase A. We successfully conjugated biotin probes not only to mouse hematopoietic cells but also to yeast cells, 293T cells, and Toxoplasma gondii. Installation of single domain antibodies on activated CD8 T cell redirects cell-specific cytotoxicity to cells that bear the relevant antigen. Likewise, conjugation of Toxoplasma gondii with single domain antibodies targets the pathogen to cells that express the antigen recognized by these single domain antibodies. This simple and robust enzymatic approach enables engineering of the plasma membrane for research or therapy under physiological reaction conditions that ensure the viability of the modified cells.
ngineering and functionalization of the eukaryotic cell surface has been achieved through genetic manipulation, covalent modification of glycans 1−3 or lipids 4, 5 as well as by noncovalent modification using bifunctional small molecules 6 or antibody moieties. 7, 8 These approaches enabled visualization of molecules otherwise refractory to genetic engineering (glycans and lipids), 3−5 enhancement of antibody functions, 6, 9 or targeted lymphocyte engagement for therapeutic purposes. 8, 10 A clinically successful example of cell surface engineering is the viral transduction of human T cells with DNA encoding chimeric antigen receptors (CARs). 11 CARs are composed of an extracellularly displayed targeting moiety specific for a tumorassociated antigen, connected to a cytoplasmic signaling domain that drives signal transduction, mimicking physiological receptor engagement. The binding of the target protein on a tumor cell via CAR receptors induces T cell activation, followed by tumor killing via T cell mediated cytoxicity. 12 This approach has enjoyed clinical success in the treatment of leukemia. 13 Genetic manipulation of cells for therapeutic purposes has drawbacks. Regardless of the vector used, genome modification entails the risk of lymphocyte transformation, and possibly even de novo tumor formation.
14 Alternative approaches to functionalize cell surfaces that do not rely on genetic manipulation 1,3−5 yet with desirable pharmacokinetic properties should therefore be explored. Direct chemical conjugation to cells of a targeting entity, such as an antibodyor a fragment derived from itis not straightforward and requires reaction conditions that may be toxic to cells and that could affect the properties of the entity attached. Functional groups or proteins can also be coupled to lipids or other hydrophobic moieties to enable insertion into the plasma membrane, 15−17 but the chemistry associated with lipid manipulation can be cumbersome and does not easily lend itself to general use. Robust methods for covalent modification of cells should be fast, simple, compatible with standard tissue culture media and with most if not all cell types. The transpeptidase sortase A from Staphylococcus aureus conjugates peptides or proteins with (an) exposed N-terminal glycine(s) to a protein or peptide containing an LPTEG motif. 18, 19 As described below, we show that LPTEGtagged probes and proteins can be conjugated using sortase A in a single step to glycines naturally exposed at the cell surface. We show that the conjugation of single domain antibodies to CD8 T cells and to Toxoplasma can redirect specific cytotoxicity and infection, respectively.
■ RESULTS AND DISCUSSION
Engineering of the Cell Surface in Absence of Genetic Modification Using Sortase A. We and others have used sortase A from Gram-positive bacteria such as Staphylococcus aureus to conjugate modified probes onto the C-terminus of recombinant LPETG-tagged proteins, in a process referred to as "sortagging" (Figure 1a) . 20, 21 The reaction proceeds as follows: sortase attacks the LPETG tag to cleave between T and G with concomitant formation of a covalent acyl-enzyme intermediate between sortase and the tagged protein. 22, 23 The covalent acylenzyme intermediate is resolved by a nucleophilic attack, using a peptide or protein that carries one or more exposed Gly residues at its NH 2 -terminus. 20 This method can be applied to the modification of type II proteins on the surface of cells 22, 24 or on virus particles 25 through the genetic insertion of a C-terminal sortase recognition tag. In a conceptually similar fashion, LPETG-tagged probes can be attached to the N terminus of NH 2 -G (n) -modified proteins (Figure 1b) . This approach has been used to modify cells that display polyglycine peptides introduced genetically 26 or chemically. 27 In these cases, residual labeling was observed on unmodified cells, suggesting that exposed glycines might be naturally present on the surface of eukaryotic cells. These residues could therefore act as nucleophiles in the sortase reaction (Figure 1c) . 26, 27 We incubated yeast cells, 293T cells, mouse splenocytes, or Toxoplasma gondii in the presence or absence of biotin-LPETG and sortase A (Figure 1d−g ). We monitored conjugation of biotin-LPETG by SDS-PAGE, followed by immunoblotting using streptavidin HRP. We detected numerous streptavidinreactive polypeptides in lysates of cells that had been incubated with both biotin-LPETG and sortase A (Figure 1d−g ). Several endogenously biotinylated proteins 28−32 could be detected in yeast lysate in absence of sortase and/or biotin probes ( Figure  1d, lane 1 and 2) . In silico analysis of yeast, Toxoplasma, human and mouse proteomes revealed a list of potentially modifiable proteins by virtue of the presence of a predicted N-terminal glycine after potential enzymatic removal of a signal peptide or the initiator methionine residue (Supporting Information Table  1 ). The complexity of this compendium of proteins reflects the expected differences in the protein composition expressed at the cell surface of the respective organisms.
The mouse spleen is composed mainly of T cells, B cells and erythrocytes in addition to smaller numbers of myeloid cells. To investigate whether each subset was subject to modification, we monitored the installation of biotin-LPETG by flow cytometry, using fluorescently labeled streptavidin together with cell typespecific antibodies. Biotin-LPETG probes labeled T and B cells equally well and erythrocytes slightly less efficiently (Figure 1h ). We measured by flow cytometry the kinetics with which biotin-LPETG was conjugated to erythrocyte-depleted splenocytes. Conjugation reached ∼30% of maximum after 5 min and ∼60% of maximum after 15 min (Figure 1i ). Collectively, our data show that all cells tested were efficiently sortagged in a time frame compatible with biological experiments. Presumably most cells have naturally exposed glycines at their cell surface and will therefore be amenable to sortagging.
Redirection of T Cell Cytotoxicity through Surface Conjugation of Single Domain Antibodies. Expression of tumor-specific chimeric antigen receptors at the surface of CD8 T cells is emerging as practical approach to eradicate leukemic cells. 13 To investigate whether LPETG-tagged single domain antibodies (VHH) could be attached to the surface of activated CD8 T cells by means of sortagging, we incubated cytotoxic OTI CD8 T cells with increasing concentrations of a GFP-specific ("enhancer") 33 or a mouse class II MHC-specific ("VHH7") 34 single domain antibody in the presence or absence of sortase A.
To monitor installation of VHHs as well as assess their specificity in a cell-bound format, we measured the ability of cells to bind GFP by flow cytometry. Only cells incubated with enhancer-LPETG and sortase A bound recombinant GFP in a dosedependent fashion ( Figure 2a ). The concentration of VHHs used for the reaction is proportional to the number of VHHs installed. We estimated the number of VHHs installed per cell by measuring the number of bound GFP molecules by SDS-PAGE and immunoblotting, using a solution of GFP of known concentration as standard ( Figure 2b ). Sortagging of T cells in the presence of 500 μM of VHHs and sortase A resulted in the conjugation of ∼1 million VHHs per cell. To investigate whether two different probes could be installed on lymphocytes, we incubated erythrocytes-cell depleted splenocytes with or without enhancer-LPETG for 60 min, followed by the addition of biotin- LPETG to the reaction for 15 min (Figure 2c ). Cells incubated with enhancer-LPETG prior to biotin-LPETG had similar amounts of surface-conjugated biotin compared to cells incubated with biotin-LPTEG alone (Figure 2c ). These data suggest that sortagging of VHHs to cells only minimally affect subsequent conjugation of biotin-LPETG. The smaller LPETGtagged probes may have more ready access to surface-displayed nucleophiles left unoccupied by larger LPETG-tagged proteins. We next addressed whether the conjugation of VHHs to activated OTI T cells enables cell-specific killing toward cells that bear the antigen for which the VHH is specific. Co-incubation of preactivated OTI T cells sortagged using the anti-class-II MHC VHH7 with mouse splenocytes resulted in specific killing of class II MHC-positive B cells but not class II MHC negative CD4 T cells (Figure 2d) . Specific cytotoxicity showed a direct correlation with the number of conjugated VHHs. VHHs can thus be efficiently sortagged onto T cells with full retention of the VHH's antigen binding capacity. The sortagging reaction preserved cytotoxic functions and allowed redirected killing based on VHH specificity, in a fashion analogous to, but conceptually distinct from CAR T cells (Figure 2e and f). We have installed 2 different probes on the surface of lymphocytes (Figure 2c) , and there is no reason to assume that two is the limit to the number of different proteins that can be attached to T cells in this manner. Our approach opens new possibilities in the functionalization of (T) lymphocytes with cytotoxic and targeting moieties to achieve enhanced and specific tumor killing. This enzymatic approach has several key advantages over current methods. First, because this method does not rely on genetic manipulation of the lymphocyte, it reduces genetic hazards and simplifies the process of functionalization of virtually any cell type. Second, the extent of modification can be controlled, and last, the temporary nature of these modifications, dictated by the lifespan of individual activated lymphocytes, may help to prevent undesired chronic response against healthy cells that express the targeted antigen.
Cell-Specific Targeting of Toxoplasma gondii. The modification of CD8 T cells through sortagging does not obviously interfere with cytotoxic functions (Figure 2d) . We decided to extend these methods to the manipulation of other cell−cell interactions. To investigate whether modified T. gondii tachyzoites would still be able to invade host cells, we sortagged parasites with TAMRA-modified LPETG peptides and incubated them together with human fibroblasts. Sortagged parasites visualized by fluorescence microscopy were perfectly capable of invading fibroblasts (Figure 3a and Supporting Information Movie 1). The image shows an intracellular parasite with a distinctly labeled plasma membrane (yellow arrow) and a parasite in the process of invasion characterized by a bright arrow pointed at the constricted moving junction (white arrows). 35 To address whether T. gondii could be targeted to specific cells, we sortagged parasites with biotin, biotin plus enhancer or VHH7, followed by incubation with WT splenocytes. Sortagging of VHH7 to T. gondii not only resulted in a dramatic increase of B cells targeted by the parasite together with a significant decrease of binding to non-B cells (Figure 3b ) but also enhanced the percentages of B cells lysed upon infection (Figure 3c ). The possibility of targeting genetically engineered cytolytic pathogens to cancer cells has been explored by others. 36, 37 In principle, the approach described here lends itself to similar strategies without the need of genome modifications: this approach is compatible not only with the majority of Gram-positive bacteria that already use sortase enzymes but also with parasites ( Figure 3) and possibly with viruses.
Regardless of the utility of sortagging to endow lymphocytes with novel recognition specificities for therapeutic applications, the presence of endogenous nucleophiles also provides a mild enzymatic method to install any entity of choice on the surface of a living cell without the need for genetic modification or the use of harsh chemical conditions. Identification at the molecular level of the substrates to which the label is attached may not be required, and the ease of surface modification under mild and physiological conditions compares favorably with methods that employ radioisotopes or those requiring reaction conditions that ensure reactivity of chemical tags with primary amines or thiols at the cell surface. Sortase-based modifications can be performed in protein-containing buffers and at pH values that would preclude the use of standard chemical labeling strategies.
■ METHODS
Mice. C57BL/6, class II MHC deficient mice and OTI RAG deficient mice 38 were purchased from Jackson laboratory, bred in the animal facility of the Whitehead Institute for Biomedical Research (Cambridge, MA) and maintained according to protocols approved by the MIT Committee on Animal Care.
Cell Culture. Erythrocytes cells were depleted from total mouse splenocytes using red blood cell lysis buffer (Sigma, cat. R7757). Mouse lymphocytes were cultured in RPMI 1640 (cat. 11875; Gibco) supplemented with 10% (v/v) inactivated FCS (Gibco), 0.0002% β-mercaptoethanol final (Sigma, cat. M7522), penicillin 50 units per liter− streptomycin 50 mg per liter (Sigma, cat. P4333), 1 mM sodium pyruvate final (Gibco, cat. 11360) nonessential amino acids (Life Technologies, cat. 11140) and 2 mM glutamine (US Biological, cat. Saccharomyces cerevisiae strain W303 was cultured in YPD medium. Toxoplasma gondii (RH strain) tachyzoites were grown in human foreskin fibroblasts (HFF) cultured in Dulbecco's Modified Eagles Medium (DMEM; Invitrogen) supplemented with 10% tetracyclinefree FBS (HyClone), 2 mM glutamine, 10 mM HEPES (pH 7.5), and 20 μg/mL gentamicin.
Antibodies and Reagents. Anti-PGK (clone 22C5D8, Invitrogen), antimouse/human actin (clone Ab-5, BD biosciences), antiToxoplasma gondii actin, 39 horseradish peroxidase-conjugated goat antirabbit Ig (Southern Biotech, cat. 4041-05), horseradish peroxidaseconjugated antimouse Ig (GE Healthcare, cat. NXA931), anti-TCRβ (clone H57, BD Pharmingen), anti-CD4 (clone GK1.5, ebiosciences), anti-CD19 (clone 1D4, BD Pharmingen), anti-TER119 (clone TER-119, BD Pharmingen), allophycocyanin-conjugated streptavidin (ebiosciences, cat. number 17-4317), phycoerythrin-conjugated streptavidin (Southern Biotech, cat. number 7100-09S). Propidium iodide (Sigma-Aldrich, cat. number P4864). B cell isolation kit (Miltenyi, cat. 130-090-862). For the experiments described here, we used a modified form of sortase A from Staphylococcus aureus that lacks the first 59 residues, and with the following mutations: E105 K/E108A 40 and P94R/D160N/D165A/K190E/K196T: 24 Sortase A was produced and purified as described elsewhere. 20 Enhancer 33 and VHH7 34 were produced and purified as described elsewhere. 34 Biotin-LPETG (Biotinaminohexanoic acid-LPETGG) was produced by the MIT biopolymer facility through standard solid phase peptide synthesis. TAMRA-LPETG was produced as described elsewhere. 20 Cell Sortagging. Unless described otherwise, reactions were performed at room temperature (RT) for 1 h in PBS or in HHE buffer (Hanks Balanced Salt Solution, 1 mM EDTA, 25 mM HEPES pH 7). Sortase A was used at a final concentration of 20−40 μM and LPETG substrates at 500 μM unless indicated otherwise. Mouse splenocytes or lymphocytes were used at 20−100 million cells per milliliter, HEK 293T cells at 20 million per milliliter, Toxoplasma gondii at 200 to 400 million per milliliter, yeast at 6 OD 280 units per milliliter. For biochemical analysis, enzymatically modified cells were washed twice with PBS after sortagging and lysed in 1× reducing Laemmli sample buffer.
In Vitro Cytotoxicity Assay. Pooled lymph nods cells and erythrocytes-depleted splenocytes from OTI rag deficient mice were seeded in complete RPMI at 2 million cells per milliliter in 24 well plate previously coated with 2 μg/mL anti-CD3 (clone 17A2) and 2 μg/mL anti-CD28 (clone 37−51). After 72 h, cells were washed twice with PBS and sortagged for 1 h in PBS as described above and the figure legends. Cells were then washed once with PBS and once with complete RPMI. 1−2 × 10 5 sortagged or control cells were incubated together with 2 × 10 5 WT splenocytes in complete RPMI in U bottom 96 well plates. After 16 to 20 h cells the percentage of living propidium iodide negative CD4 positive and CD19 positive cells were measured by flow cytometry using fluorescently labeled antibodies specific for CD4 and CD19 together with propidium iodide (final concentration 1 μg/mL).
Toxoplasma gondii Invasion Assay. Toxoplasma gondii tachyzoites were incubated with 500 μM TAMRA-LPETG and 20 μM sortase A at RT for 15 min in HHE buffer. Parasites were then washed and incubated with HFF. Parasite targeting to class II MHC positive cells: Toxoplasma gondii tachyzoites were incubated with or without 50 μM enhancer-or VHH7-LPETG and 20 μM sortase A at RT in HHE buffer. After 20 min, biotin-LPETG was added for 15 min. Parasites were then washed and incubated with red-cell depleted splenocytes for 1 h at a multiplicity of infection of 5. Cells were then washed and stained with a CD19-specific antibody and fluorescently labeled streptavidin. Cells were fixed (BD Cytofix/Cytoperm, cat. 554722) prior to analysis by flow cytometry. B cells lysis assay: Toxoplasma gondii tachyzoites were incubated with or without 50 μM enhancer-or VHH7-LPETG and 20 μM sortase A at RT in HHE buffer for 15 min. After washing T. gondii was incubated together with 0.5 million magnetic beads-purified splenic B cells from WT or class II MHC k.o. at a multiplicity of infection of 5 in 100 μL or complete RPMI in 96 flat bottom well plates. After 15 h supernatants were harvested and cell lysis was measured using CytoTox 
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